The DNA Topoisomerase I enzyme of Mycobacterium tuberculosis (MtTOP1) is essential for the viability of the organism and survival in a murine model. This topoisomerase is being pursued as a novel target for the discovery of new therapeutic agents for the treatment of drug resistant tuberculosis (TB). In this study, we succeeded in obtaining a structure of MtTOP1 by first predicting that the C-terminal region of MtTOP1 contains four repeated domains that do not involve the Zn-binding tetra-cysteine motifs seen in the C-terminal domains of E. coli topoisomerase I. A construct (a.a. A2-T704), MtTOP1-704t, that includes the N-terminal domains (D1-D4) and the first predicted C-terminal domain (D5) of MtTOP1 was expressed and found to retain DNA cleavage-religation activity and catalyze ssDNA catenation. MtTOP1-704t was crystallized, and a structure of 2.52 Å resolution limit was obtained. The structure of the MtTOP1 N-terminal domains has features that have not been observed in the other previously available bacterial topoisomerase I crystal structures. The first C-terminal domain D5 forms a novel protein fold of a four-stranded antiparallel -sheet stabilized by a crossing-over -helix. Since there is only one type IA topoisomerase present in Mycobacteriaceae and related Actinobacteria, this subfamily of type IA topoisomerase may be required for multiple functions in DNA replication, transcription, recombination, and repair. The unique structural features observed for MtTOP1 may allow these topoisomerase I enzymes to carry out physiological functions associated with topoisomerase III enzyme in other bacteria.
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Introduction
Topoisomerases are needed in all organisms to maintain the optimal level of DNA supercoiling for physiological functions, and to resolve topological barriers encountered during processes of replication, transcription, recombination, and repair. 1, 2 In most organisms, multiple topoisomerases are present, and each cellular topoisomerase has specific roles associated with these physiological processes. 3 The genome of the pathogen Mycobacterium tuberculosis encodes only one type I topoisomerase that catalyzes topological transitions by cutting and rejoining a singlestrand of DNA and one type II topoisomerase that carries out catalysis by cutting and rejoining a double-strand of DNA. The type II topoisomerase (DNA gyrase) of M.
tuberculosis is the target of moxifloxacin, a fluoroquinolone antibacterial agent being utilized in a new tuberculosis (TB) drug combination regimen and found to be beneficial for reducing TB treatment duration. 4 The only type I topoisomerase in M. tuberculosis (MtTOP1, Rv3646c) is a type IA topoisomerase that has been found to be essential for growth, and its depletion was shown to decrease survival following treatment with novobiocin and isoniazid. 5 Each year, around 9 million people worldwide develop TB caused by Mycobacterium tuberculosis, accounting for 1.3 million deaths. MtTOP1 has been actively investigated as a target for novel TB drugs [6] [7] [8] that are very much needed for the treatment of drug-resistant TB. The structure of MtTOP1 will be essential for structure-based rational drug discovery efforts.
Our early trials to obtain diffraction quality crystals of the full length MtTOP1 protein were unsuccessful. Constructs of the MtTOP1 N-terminal region corresponding to the N-terminal domains D1-D4 found in E. coli topoisomerase I (EcTOP1) crystal 5 structures did not express well as soluble proteins. In a recently determined structure of full length EcTOP1 in complex with ssDNA 9 (PDB ID: 4RUL), the C-terminal region of EcTOP1 comprises three 4-Cys zinc ribbon domains and two zinc ribbon-like domains, and a modular ssDNA-binding mode was observed. This suggests that the C-terminal region of MtTOP1 may also contain multiple domains with repeated and conserved sequence motifs even though the sequences of EcTOP1 and MtTOP1 C-terminal regions are very different with essentially no homologies. We analyzed the structural aspects of the C-terminal region of MtTOP1. The recognition of individual domains in this region helped us redesign constructs for functional studies and enabled us to obtain diffraction quality crystals for structural characterization of MtTOP1. We report here the crystal structure of MtTOP1-704t with the N-terminal domains D1-D4 and C-terminal domain D5 (a.a. A2-T704) and its functional characterizations.
Results
Analysis of C-terminal domains of MtTOP1
MtTOP1 does not have easily recognizable sequence motifs (such as the repeated 4-Cys Zn-binding motifs present in EcTOP1) that can help divide the MtTOP1 C-terminal region into domains. Nevertheless, MtTOP1 does bear four GxxGPY sequence motifs 10 in its C-terminal region. Based on the locations of the four GxxGPY repeats, we divided the region into four repeat domains (Fig. 1) . A secondary structure prediction indicated that each domain comprises three or four β-strands and one Cterminal α-helix. 11 The predicted folding of the MtTOP1 C-terminal domains is different from the zinc ribbon domains or zinc ribbon-like domains found in EcTOP1 and
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Thermotoga maritima topoisomerase I. 12 After the fourth or last C-terminal domain there is an additional long highly positively charged tail (~ 26 amino acids) in MtTOP1.
Besides the basic C-terminal tail, there are two more stretches of basic amino acids. 13 Based on the prediction, one is a part of the insertion on the loop between the 3 and 4 strands of D6, and the other is a part of the linker between the D7 and D8 domains (Fig. 1) . Deletions of the stretches of basic amino acids in the C-terminal region of
MtTOP1 have been shown to affect DNA binding and DNA strand passage. 13 The deletions would unlikely make an impact on the folding of the individual C-terminal domains but may affect the relative orientations of the C-terminal domains and the interdomain flexibility.
MtTOP1-704t is one of the constructs that have been made based on the Cterminal domain prediction above. It spans from amino acid A2 to T704 and includes the N-terminal domains and the first predicted C-terminal domain D5 ( Fig.1 and Graphical Abstract). The functional and structural characterization of MtTOP1-704t is the focus of this study.
Biochemical activities of MtTOP1-704t
MtTOP1-704t can be expressed readily as a soluble recombinant protein in E.
coli host strain T7 Express Crystal. The protein was purified to >99% homogeneity and assayed for relaxation of negatively supercoiled plasmid DNA. The results in Fig. 2 showed that while relaxation activity can be detected with 6.2 ng (60 fmole) of the full length MtTOP1, relaxation activity was not observed with 100 ng (1.3 pmole) of MtTOP1-704t.
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Although relaxation activity could not be detected for MtTOP1-704t, the protein was found to have DNA cleavage activity similar to that of full length MtTOP1 (Fig. 3A) .
The same preferred cleavage site with a cytosine base that is four nucleotides upstream of the cleavage site was recognized for formation of the cleavage product.
14 Intramolecular religation was promoted by adding Mg(II) to shift the cleavage-religation equilibrium toward religation along with 1 M NaCl to dissociate the non-covalent enzyme-DNA complex. The results in Fig. 3B showed that MtTOP1-704t is efficient in DNA religation, so the C-terminal sequences not found in MtTOP1-704t do not affect the cleavage and rejoining of ssDNA by MtTOP1. Since MtTOP1-704t was found to have robust DNA cleavage-religation capabilities, the truncated enzyme was assayed for catenation of single-stranded M13mp18 DNA circles to determine if it can catalyze passage of a single-stranded DNA through the break created by enzyme cleavage on another single-strand. The results (Fig. 4) showed that
MtTOP1-T704 has comparable catenation activity to that of full length MtTOP1.
Overall structure of MtTOP1-704t 8 The crystal structure of MtTOP1-704t was determined with molecular replacement 17 and alternative cycles of model building and refinement (Table 1 ). In the asymmetric unit, there is one MtTOP1-704t as shown in Fig. 5 . The 15 N-terminal residues (A2 to S16) are not visible in the electron density maps of the structure. This indicates the flexible nature of the N-terminal leading peptide, and the flexibility is consistent with its glycine-rich (five Gly residues) composition. Interestingly, the first 15 residues (A2 to S16) of the peptide are "extra" compared to EcTOP1, Fig. 6 .
Additionally, the leading peptide is positively charged (including one Arg and two Lys residues, Supplementary Fig. 1 ). The functionality of this leading peptide is currently unknown.
The model of the crystal structure of MtTOP1-704t starts from G17, which corresponds to the starting residue G2 of the EcTOP1 structure (Fig. 6 ). There is no indication for a stable quaternary assembly based on a PISA (Protein, Interface, Structures, and Assemblies) analysis, 18 which is consistent with the observation that MtTOP1 is a monomer in solution. The four N-terminal domains (D1-D4, G17-A638) have a similar toroid assembly as EcTOP1 (G2-N590) while the first C-terminal domain D5 shows sequential and structural novelties among known protein folds as discussed later.
To evaluate the similarity of the N-terminal assembly of MtTOP1 to that of EcTOP1, the N-terminal domains of these two molecules were aligned, 19 resulting in a root mean square deviation (rmsd) of 1.92 Å and sequence identity of 44.9% (Fig.7A ).
Pair-wise alignments of individual domains resulted in rmsd values of 1.01 Å, 1.46 Å, 
Unique features of individual N-terminal domains of MtTOP1
The D1 or so called TOPRIM (TOpoisomerase-PRIMse) domain is the most conserved domain in the N-terminal region among these enzymes based on the alignments above. In MtTOP1 it includes residues G17 to D157 except the region from R50 to S86, which sticks out from D1 toward D4 (colored grey in Fig. 5 ). In the EcTOP1 structure, a similar protruding region is defined as a part of D4 because of its close association with the main body of D4 and its partial role in forming a ssDNA-binding groove on D4. 20, 21 For comparison, we define this region in MtTOP1 as a part of D4 as well, although it is described as a part of D1 in the EcTOP3 structure. 22 In MtTOP1, this protruding region has no sequence homology to the corresponding region in EcTOP1 and 7) creates a large loop between β2 and α1 on the right side behind the toroid hole.
The magenta loop is rich in charged residues and seemingly creates a positively charged edge on the top of the toroid hole (Fig. 5) . A smaller insertion (loop214-255) was found in EcTOP3, which forms a helical motif instead (Fig 7B) . 22 The D3 is an all α-helical domain (P303 to A433), including the catalytic residue Y342 on a loop between the α2 and α3 helices. The catalytic site of the Apo form of MtTOP1 centered at Y342 shows no significant conformational variation compared to the catalytic sites of the Apo forms of either EcTOP1 23 or EcTOP3, 22 indicating the same catalytic mechanism for these type IA topoisomerases. The catalytic site also includes the DxDREG TOPRIM sequence motif from D1, which is quite conserved (Fig. 6 ). The only difference is the variation in residue x, which is Gly112 in MtTOP1, a Leu in EcTOP1, and a Pro in EcTOP3. Additionally, between the α3 and α4 helices of D3, there is a long loop of 35 residues, including the sequence motif Q386EAHEAIRP that is highly conserved in type IA topoisomerases, with the invariant histidine proposed to play a role in catalysis 24 . In all of the EcTOP1 structures determined to date, a part of the loop upstream of the conserved sequence is partially disordered. In MtTOP1, in contrast, this loop is well structured without any break and seemingly correlates to the formation of the α4 helix (highlighted in blue, Fig. 5 ), which degenerates to a -turn in EcTOP1 (Fig. 7A) .
In MtTOP1, a feature of D4 may be related to one of its physiological functions; the last helix in D4 (α8) has an insertion of 14 residues (G610 to G623, colored purple in
Figs. 5 and 7) in the middle of the helix, which is not found in EcTOP1 and EcTOP3.
The purple insertion is right below the decatenation loop of EcTOP3, 22 which is also from D4 (Fig. 7B) . The actual functionality of this unusual insertion in the α8 helix needs to be explored. The α8 helix is then followed by a linker to the C-terminal domains. The linker is very different in sequence and structure among MtTOP1, EcTOP1, and EcTOP3, indicating the connection between the N-and C-terminal domains varies significantly among these topoisomerases. However, the DNA-binding groove is mostly conserved (Fig. 5) . Two negatively charged sulfate groups likely from the crystallization buffer were identified inside the positively charged DNA-binding groove (not shown). They may mimic two phosphate groups of DNA in their interactions within the groove.
Novel MtTOP1 C-terminal domain
D5 is the first C-terminal domain, from R638 to P705. This small domain of 67 residues is composed of a four-stranded antiparallel β-sheet with a C-terminal helix packed against the β-sheet on one side ( with DNA by forming π-stacking(s) with the base(s) of DNA (Fig. 5) . The other residues Y656 and R658 on the β2-strand, R681 on the β4-strand and K661 on the sharp β2-β3 turn (Fig. 5) can potentially form π-stacking, π-cation, or other forms of interaction with DNA.
A Dali structural homology search 25 of MtTOP1 results in no significant hits (Z score ≤ 4.3, rmsd ≥ 2.6, and sequence identity ≤ 14%) even though a protein fold containing a helix packed against one face of an anti-parallel -sheet is common. This indicates the structural novelty of the MtTOP1 C-terminal domain.
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Classification of topoisomerase C-terminal domains.
From Fig. 1 , it is clear that the four MtTOP1 C-terminal domains exemplified by 
Discussion
Trapping of the bacterial topoisomerase I covalent complex on cleaved chromosomal DNA has been shown to result in rapid bacterial cell death, validating this class of enzyme as a useful target for novel bactericidal antibiotics 26, 27 . The structure of 
Materials and Methods
Cloning, expression, and purification
A clone for expression of MtTOP1-704t was constructed using the Gibson utilized an S300 size exclusion chromatography column as described previously. 31 The purified protein was concentrated to about 85 mg/ml for crystallization.
Crystallization
The Prior to data collection, the crystals were treated with cryoprotectant (20% glycerol in crystallization buffer) and cryocooled directly in liquid nitrogen.
X-ray diffraction and structure determination
Sets of single-wavelength diffraction data were collected at 12.66 keV at 100 K from cryocooled MtTOP1-704t crystals. All data were obtained at the 19-ID beamline of the Structural Biology Center at the Advanced Photon Source at Argonne National Laboratory using the program SBCcollect. 32 The intensities of each data set were integrated, scaled, and merged with the HKL3000 program suite 33 ( Table 1 ). The best data set measured has a resolution limit of 2.52 Å. The structures of the MtTOP1-704t crystal were determined using the molecular replacement method. 17 The best search template used was the structures of the N-terminal domains (D1-D4) of full-length EcTOP1 (PDB ID: 4RUL). Subsequent model rebuilding for the N-terminal domains and building the first C-terminal domain (D5) based on difference maps was performed using the program COOT 34 . After several alternative cycles of model building and refinement, the final model was refined using the program Phenix.refine 35 (Table 1) .
Structural validation was performed using the program MolProbity.
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Relaxation activity assay
The relaxation reaction was carried out in 20 µl of 10 mM Tris-HCl (pH 8.0) 50 mM NaCl, 0.1 mg/mL gelatin, and 5 mM MgCl 2 with 250 ng of supercoiled pBAD/Thio plasmid DNA purified by CsCl gradient centrifugation. Following incubation at 37°C for 30 min, the reactions were terminated and analyzed by agarose gel electrophoresis as previously described.
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Assay of oligonucleotide DNA cleavage and religation
The 32 base oligonucleotide substrate 5'-CAGTGAGCGAGCTTCCGCT↓TGACATCCCAATA-3' with a preferred cleavage site for MtTOP1 indicated by the arrow has been previously described. 13 It was labeled at the 5'-end with γ- 
Catenation activity assay
Catenation of M13 ssDNA circles was assayed with a protocol similar to previously described conditions 
Accession Number
The atomic coordinates and structure factors of M. tuberculosis topoisomerase I have been deposited in the Protein Data Bank with accession code 5D5H. 
